T he incidence of gestational diabetes mellitus has been rapidly increasing worldwide and occurs in 5% to 9% of pregnancies in the United States.
T he incidence of gestational diabetes mellitus has been rapidly increasing worldwide and occurs in 5% to 9% of pregnancies in the United States. 1 Experimental and epidemiological studies have provided evidence that intrauterine exposure to maternal hyperglycemia produces lifelong adverse consequences in the offspring, such as metabolic syndrome, hypertension, and chronic kidney disease in adult life. 2, 3 The phenomenon by which the adult phenotype is affected by the intrauterine environment, is termed perinatal programming. [4] [5] [6] Previous studies have shown that maternal diabetes mellitus programs hypertension in the adult offspring, but the mechanisms are incompletely understood. 4, 7 Blood pressure (BP) is regulated by interaction among different organs, especially the kidney and brain and numerous hormones and humoral factors. 8 In particular, renal dopamine plays a major natriuretic role in the complex physiological network that has evolved to maintain sodium balance and BP. 9, 10 Dopamine receptors are classified into D 1 -like receptors (D 1 and D 5 subtypes) and D 2 -like receptors (D 2 , D 3 , and D 4 subtypes), based on their structure and pharmacology. [9] [10] [11] Dopamine exerts its natriuretic action primarily via activation of D 1 receptor by inhibition of Na + -K + -ATPase activities in renal proximal tubules (RPTs) and contributes to ≈60% of sodium excretion during increased sodium intake. 9, 10, [12] [13] [14] A defect in renal dopamine D 1 receptor function has been demonstrated in both human and animal models of hypertension. 9, 10, 12, [14] [15] [16] Several studies suggest that the impaired renal D 1 receptor function is caused by its hyperphosphorylation, which leads to its uncoupling from G proteins, preventing its signaling cascade.
Abstract-Epidemiological and experimental studies suggest that maternal diabetes mellitus programs hypertension that is associated with impaired sodium excretion in the adult offspring. However, the underlying mechanisms are not clear. Because dopamine receptor function is involved in the pathogenesis of hypertension, we hypothesized that impaired renal dopamine D 1 receptor function is also involved in the hypertension in offspring of maternal diabetes mellitus. Maternal diabetes mellitus was induced by a single intraperitoneal injection of streptozotocin (35 mg/kg) to pregnant Sprague-Dawley rats at day 0 of gestation. Compared with the offspring of mothers injected with citrate buffer (control mother offspring), the diabetic mother offspring (DMO) had increased systolic blood pressure and impaired D 1 receptor-mediated diuresis and natriuresis, accompanied by increased renal PKC (protein kinase C) expression and activity, GRK-2 (G protein-coupled receptor kinase-2) expression, D 1 receptor phosphorylation, D 1 receptor/Gαs uncoupling, and loss of D 1 receptor-mediated inhibition of Na + -K + -ATPase activity in renal proximal tubule cells from DMO. Inhibition of PKC reduced the increased GRK-2 expression and normalized D 1 receptor function in primary cultures of renal proximal tubule cells from DMO. In addition, DMO, relative to control mother offspring, in vivo, had increased oxidative stress, indicated by decreased renal glutathione and increased renal malondialdehyde and urine 8-isoprostane. Normalization of oxidative stress with tempol also normalized the renal D 1 receptor phosphorylation, D 1 receptor-mediated diuresis and natriuresis, and blood pressure in DMO. Our present study indicates that maternal diabetes mellitus-programed hypertension in the offspring is caused by impaired renal D 1 receptor function because of oxidative stress that is mediated by increased PKC-GRK-2 activity. (Hypertension.
GRKs (G protein-coupled receptor kinases) play an important role in the phosphorylation and subsequent desensitization of GPCR (G protein-coupled receptors). 10, 11 The D 1 receptor can serve as a substrate for GRK-2, -3, -4, and -5. 10, 15, 17 Of these isoforms, GRK-2 and GRK-4 have been implicated in the D 1 receptor phosphorylation and dysfunction. 10, 12, 15, 18 Although the precise nature of the defective renal D 1 receptor signaling in human and animal models of hypertension remains to be elucidated, there is emerging evidence that increased oxidative stress plays a causative role in this phenomenon. 19, 20 Previous studies have shown that conditions, such as aging, diabetes mellitus, and hypertension, are associated with increased oxidative stress, accompanied by impaired D 1 receptor-mediated natriuresis and diuresis. 19, 21, 22 Antioxidant supplementation decreases oxidative stress, restores D 1 receptor signaling and lowers BP in these conditions. 19, 23, 24 More recently, adult offspring of diabetic mothers were shown to develop hypertension and displayed higher renal reactive oxygen species generation, relative to offspring of nondiabetic mothers. 25 Therefore, we hypothesized that maternal diabetes mellitus programs renal D 1 receptor dysfunction in the offspring, resulting in impaired renal sodium excretion. Antioxidant supplementation should restore renal D 1 receptor function and normalize the BP of the adult offspring of mothers with gestational diabetes mellitus.
Materials and Methods
The data, analytic methods, and study materials will be made available on request to other researchers for purposes of reproducing the results or replicating the procedure.
A detailed description of the materials and methods used in this study is available in the online-only Data Supplement.
Statistical Analysis
The data are expressed as mean±SEM. Comparison within groups (>2) was made by 1-way repeated measures ANOVA, and comparison among groups (>2) was made by 1-way factorial ANOVA with Newman-Keuls multiple test. Mann-Whitney U test was used when only 2 groups were compared. A value of P<0.05 was considered significant.
Results

Effect of Maternal Diabetes Mellitus on Animal Characteristics in Rat Offspring
Except of higher plasma glucose and lower plasma insulin levels, streptozotocin (STZ)-treated mother rats had comparable characteristics as compared with the control mother rats, including gestational term, plasma triglycerides, mean BP, maternal weight gain, and litter size ( Table S1 in the onlineonly Data Supplement). The average plasma glucose level of diabetic mothers during pregnancy was between 15.8 and 19.3 mmol/L from day 0 until delivery ( Figure S2A ).
About the rat offspring, as shown in Table S2 , plasma levels of glucose, triglycerides and creatinine and urine albumin were not significantly different between control mother offspring (CMO) and diabetic mother offspring (DMO) at 24 weeks of age. Although there was no difference in body weight at birth of DMO and CMO ( Figure S2B ), DMO were heavier than CMO at 24 weeks of age (Table S2 ). Systolic BP, measured indirectly by tail-cuff plethysmography ( Figure 1A ) and directly from the left carotid artery (Table S2 ; Figure  S2C ), was significantly higher in DMO than CMO. Moreover, DMO had impaired glucose tolerance, determined by IPGTT (intraperitoneal glucose tolerance test; Figure 1B ), and higher insulin levels at 120 minutes and homeostasis model assessment-insulin resistance ( Figure 1C and 1D ). 
Increased BP With Impaired Natriuresis in the Adult Offspring of Rats With Maternal Diabetes Mellitus
As indicated in Table S2 , DMO at 24 weeks of age had higher BP than CMO. The increased BP in DMO was noticed as early as 12 weeks of age and continued to increase until the end of the observation period (24 weeks of age; Figure 1B ). Because the kidney is important in the regulation of BP, we also measured sodium excretion in CMO and DMO. We found that basal sodium excretion and urine volume were lower in DMO than CMO (Table S2 ). These differences were observed in spite of the absence of obvious difference in the gross structure of the kidneys, nephron number and glomerular area of 24-week-old CMO and DMO ( Figure S3A through S3C).
Impaired Renal D 1 Dopamine Receptor Function in the Adult Offspring of Rats With Maternal Diabetes Mellitus
Sodium excretion is regulated by numerous hormones and humoral factors, including dopamine. [8] [9] [10] 12, 13 Dopamine, via its receptors, especially D 1 -like receptor, increases sodium excretion, consequently controls BP in normal range. [8] [9] [10] [12] [13] [14] [15] [16] 24, 26 Our present study found that the intrarenal infusion of fenoldopam (1 µg/kg per minute), a D 1 -like receptor agonist, via the suprarenal artery increased urine flow and sodium excretion in CMO. However, the fenoldopaminduced diuresis and natriuresis were markedly impaired in DMO (Figure 2A and 2B). The effects of fenoldopam were exerted at the D 1 -like receptor because SCH23390 (0.4 µg/ kg per minute), a D 1 -like receptor antagonist, 11, 13, 16, 19, [21] [22] [23] [24] 26 by itself, had no effect but blocked the fenoldopam-mediated increase in urine flow and sodium excretion in CMO ( Figure  S4A and S4B). The impaired D 1 -like receptor function in DMO was confirmed in in vitro experiments. Incubation of RPT cells from CMO in primary culture with fenoldopam (10 −7 mol/L per 15 minutes) inhibited Na + -K + -ATPase activity but had no effect in RPT cells from DMO ( Figure 3) . The D 1 -like receptor-mediated inhibitory effect of fenoldopam on Na + -K + -ATPase activity in RPT cells was confirmed by the use of the D 1 -like receptor antagonist SCH23390, which prevented the fenoldopam-induced inhibition of Na + -K + -ATPase activity ( Figure 3 ).
Previous studies have ascribed the impaired D 1 receptor function in hypertension, obesity, and oxidative stress to its hyperphosphorylation of D 1 receptor, which causes its uncoupling from G proteins. 16, 18, 19, 21, 22, 24 Our present study also found that D 1 receptor phosphorylation levels were higher in RPT cells in primary culture and renal cortices from DMO than CMO, although D 1 receptor protein expression, per se, was not different between those 2 offspring ( Figure 4A ; Figure  S5A ). To determine, directly, the coupling of D 1 -ATPase, we studied the effect of the nonhydrolyzable GTP analog, GTPγS, which activates directly G proteins. We found that GTPγS was able to increase Gαs/Na + -K + -ATPase linkage in primary cultures of RPT cells from both CMO and DMO ( Figure 4B ), indicating that the interaction between Gαs and Na + -K + -ATPase, per se, is normal in DMO. However, the Gαs/D 1 receptor linkage was significantly reduced in primary cultures of RPT cells ( Figure 4C ) and renal cortices ( Figure S5C ) from DMO, relative to CMO ( Figure 4C ; Figure S5C ). These data suggest that the impaired D 1 receptor function in DMO may be caused by impaired D 1 receptor/Gαs linkage.
Increased Oxidative Stress Leading to D 1 Receptor Dysfunction in the Adult Offspring of Rats With Maternal Diabetes Mellitus
Increased oxidative stress has been reported to be involved in the dysfunction of renal D 1 receptor. [19] [20] [21] 24 Our present study showed the presence of oxidative stress in the kidney of DMO, proved by increased renal levels of malondialdehyde, an index of lipid peroxidation and urinary 8-isoprostane, a consequence Figure S2C ). In the primary cultures of RPT cells from DMO, we also found that tempol treatment was able to restore the inhibitory effect of fenoldopam on Na + -K + -ATPase activity (Figure 3) , as well as normalize the D 1 receptor hyperphosphorylation ( Figure 4A ), and increase the stimulatory effect of fenoldopam on the linkage between Gαs and Na + -K + -ATPase ( Figure 4B ) and restore the Gαs/D 1 receptor ( Figure 4C ) linkages. The same beneficial effect of tempol was seen in renal cortices from DMO ( Figure S5A and S5C) .
Role of PKC-GRK-2 on the Dysfunction of D 1 Receptor in DMO Rats
PKC-GRK-2 has been reported to be the signaling pathway between oxidative stress and D 1 receptor dysfunction. Thus, activation of PKC increases GRK-2 expression, causing D 1 receptor phosphorylation and desensitization in Sprague-Dawley rats. 19, 24 Our present study showed increased PKC-δ expression and PKC activity and increased GRK-2 expression in primary cultures of RPT cells ( Figure 6A and 6B) and renal cortices ( Figure  S5D and S5E) from DMO, relative to CMO. Treatment with antioxidant tempol (1.0 mmol/L in drinking water for 4 weeks) normalized the elevated PKC-δ expression and activity and GRK-2 expression in DMO ( Figure 6A ; Figure S5E ). Furthermore, inhibition of PKC activity with chelerythrine chloride 27 (1 µmol/L) for 24 hours 28 normalized GRK-2 expression, normalized the inhibitory effect of fenoldopam on Na + -K + -ATPase activity in primary cultures of RPT cells ( Figure 6C and 6D ).
Discussion
The study of Pima Indians provided the initial evidence that maternal diabetes mellitus could lead to disease in the adult offspring, emphasizing the importance of fetal programming on adult diseases. 29 Clinical and experimental studies have shown that exposure to maternal diabetes mellitus increases the susceptibility to hypertension in the adult offspring. 3, 25, 30 An alteration of the intrauterine milieu seems to play a major role in the development of hypertension after birth. However, the underlying mechanism of this prenatal programmed hypertension is still unknown. Our present study demonstrates that exposure to maternal diabetes mellitus programmed adult hypertension in the offspring, which was accompanied by increased oxidative stress and impaired D 1 receptor function, including D 1 receptor-mediated diuresis and natriuresis. Moreover, antioxidant treatment normalized the renal D 1 receptor function and BP in the adult offspring of mothers with gestational diabetes mellitus.
Hypertension can be programmed by an adverse environment in utero. 31 STZ, a pancreatic toxin that induces type 1 diabetes mellitus, 32 has been used to study the effects of hyperglycemia during pregnancy. 30 Consistent with other reports, 33, 34 our preliminary study showed that high doses of STZ (100-300 mg/kg) led to intrauterine growth restriction and increased the risk of congenital malformations (data not shown). STZ treatment in the latter stage of pregnancy also increases the rate of abortion. 35 Therefore, in the present study, we treated the dams with low dose STZ (35 mg/kg), early in pregnancy (day of onset of pregnancy). Our present study followed the offspring of nondiabetic and diabetic mothers from birth to 24 weeks of age. A mild to moderate increase in systolic arterial BP was observed in the offspring of diabetic mothers from 12 weeks of age, which progressively worsened increasing age. Previous study has shown that offspring of streptozotocin-induced diabetic rats have an impaired nephrogenesis with a reduction of 30% of nephron number and a decrease in kidney weight. 36 However, in our current study, we did not find a significant difference in nephron number and glomerular area between CMO and DMO. The reason for this discrepancy is not clear. However, the different age of rats and different methods used to determine the number of glomeruli could be the reason of such discrepancy. Several mechanisms have been suggested by which exposure to diabetes mellitus in utero causes hypertension in the adult offspring, including (1) increased activities of the renal reninangiotensin and sympathetic nerve systems, 37 (2) impaired vasorelaxation 38 that may be caused by abnormal aortic arachidonic acid metabolism, including decreased expression of the prostacyclin receptor 39 and impaired nitric oxide-reactive oxygen species signaling, 40 (3) abnormal microvascular structure, 41 and (4) shortened telomere length, 42 as examples. Moreover, a defective sodium handing by the kidney may take an important role because there is a more pronounced increase in the BP of diabetic offspring that received a sodium load. [43] [44] [45] It is known that renal sodium handling is regulated by numerous hormonal and humoral factors, including the reninangiotensin 46 and sympathetic nervous systems 37 endothelin 47 and dopamine, 12,26 among others. Renal dopamine plays an important role in body sodium and BP homeostasis, especially during states of increased sodium intake. About 60% of sodium excretion during a moderate salt load is mediated by the activation of renal D 1 receptors. 12, 14 Abnormalities in renal D 1 receptor function have been implicated in the diminished natriuretic response and increase in BP in hypertensive humans and rodents.
9,10,12,14 Therefore, we hypothesized that renal D 1 receptor dysfunction, which impairs renal sodium excretion, contributes to the pathogenesis of hypertension in the offspring of maternal diabetes mellitus. Our present confirmed this hypothesis. We also found that in DMO, the dysfunction of the renal D 1 receptor is related to its hyperphosphorylation, because this state impairs the coupling of the D 1 receptor and G proteins, leading to impaired signal transduction and loss of inhibition of sodium transport. 10, 15 Like most G protein-coupled receptors, the D 1 receptor undergoes GRK-mediated phosphorylation reaction that leads to its desensitization. 10, 15, 17 GRKs belong to the family of serine/threonine kinases and play a role in the development and maintenance of hypertension and heart failure. 10, 15, 17, 48 There are 7 isoforms of GRKs with different receptor specificities. Of these isoforms, GRK-2 and GRK-4 are expressed in the proximal tubule cells of the kidney and phosphorylate the D 1 receptor in these cells. 10, 15, 17 Previous studies in animal models of diabetes mellitus and aging suggested that GRK-2 upregulation leads to D 1 receptor serine hyperphosphorylation, resulting in receptor desensitization and uncoupling from G proteins. 18, 21 There are reports suggesting that GRK-2 can be activated by PKC, which leads to its membrane translocation and an increase in its activity. 19, 24, 49, 50 In our present study, we found that exposure to maternal diabetes mellitus increased renal PKC activity that led to PKC-dependent GRK-2 activation and subsequent D 1 receptor hyperphosphorylation in adult offspring of dams with diabetes mellitus.
Recent studies suggest that maternal hyperglycemiainduced oxidative stress could have many consequences on offspring. 25, 51 Oxidative stress has been reported early on during embryogenesis in offspring of diabetic dams, which plays a critical role in the pathophysiology of renal dysfunction. 52, 53 The kidney is also highly susceptible to the effects of oxidative stress because of their high-metabolic throughput. A high-glucose milieu ex vivo or severe maternal diabetes mellitus in utero (defined as maternal blood glucose concentration ≈30 mmol/L) induces oxidative stress accumulation, which impairs nephrogenesis, resulting in offspring with relatively smaller kidneys and nascent nephron. 33 Increased oxidative stress and impaired antioxidant defense mechanisms have been reported in kidneys of offspring exposed to maternal diabetes mellitus. 25 Our present study also found an imbalance between renal oxidants and antioxidants in DMO. Studies in animal models of hypertension have shown that an increase in oxidative stress is accompanied by reduced renal D 1 receptor signaling and treatment of these animals with antioxidants normalizes BP and restores D 1 receptor function. 19, 20, 24, 54 Therefore, it is possible that a defect in the D 1 receptor may serve as a link between hypertension and oxidative stress. To confirm that oxidative stress promotes hypertension in DMO rats, we treated CMO and DMO with the antioxidant tempol added to the drinking water. Tempol is a known antioxidant with superoxide dismutase mimetic properties and has been used previously to reduce oxidative stress and high BP in hypertensive rats. 55 We found that tempol supplementationreduced renal PKC activity and expression and decreased renal GRK-2 abundance, which could be responsible, in part, for normalization of D 1 receptor phosphorylation and function in DMO.
In conclusion, our results suggest that maternal diabetes mellitus leads to renal D 1 receptor dysfunction in the adult offspring, which subsequently programs the development of hypertension. The underlying mechanisms probably involve increased PKC activity and expression that caused GRK-2 activation and led to D 1 receptor desensitization in DMO. Supplementation with the antioxidant tempol normalized D 1 receptor phosphorylation and its function and normalized the increased BP in DMO.
Perspectives
Accumulating body of evidence indicates that fetal programming is an important factor that contributes to the development of hypertension. 4, 5 Previous studies have shown that exposure to maternal diabetes mellitus increases the susceptibility of offspring to hypertension, 4,7 but the mechanism is still not clear. The findings of the current study reveal a novel mechanism underlying the roles of oxidative stress and renal dopamine D 1 receptor dysfunction in maternal diabetes mellitus that program hypertension in the adult offspring. Epigenetic modifications, especially changes in DNA methylation, are thought to mediate the effect by which fetal environment influences adult phenotype, and the impact can be transmitted across multiple generations. 56, 57 Investigations of epigenetic modifications of related factors, which regulate dopamine receptor and oxidative stress in the adult offspring exposed to maternal diabetes mellitus are limited, and further studies are needed to elucidate its distinct role in fetal programming and to develop possible specific therapies. -ATPase activity in these RPT cells was measured as ouabainsensitive sodium transport. *P<0.05 vs CMO within the same treatment using 1-way ANOVA, Newman-Keuls test, #P<0.05 vs respective control (n=5), using Mann-Whitney U test.
